ABSTRACT: Accurate measurements of broadband (full spectrum) solar irradiance are fundamental to the successful implementation of solar power systems, both photovoltaic and solar thermal. Historically, acceptable measurement accuracy has been achieved using expensive thermopile-based pyranometers and pyrheliometers. The measurement limitations and sensitivities of these expensive radiometers are a topic that has been addressed elsewhere. This paper demonstrates how to achieve acceptable accuracy (±3%) in irradiance measurements using sensors costing less than one-tenth that of typical thermopile devices. The low-cost devices use either silicon photodiodes or photovoltaic cells as sensors, and in addition to low-cost, have several operational advantages.
INTRODUCTION
Thousands of photovoltaic systems, large and small, are now being installed worldwide. As a result, there is a growing demand for inexpensive devices for accurately monitoring the solar irradiance. Most often, the total (global) solar irradiance is the desired measurement. Occasionally, the direct normal (beam) irradiance is required. For most system applications, reasonable accuracy (±5%) at low cost (~200 $US) is usually preferable to high accuracy (±2%) at high cost (~2000 $US). As a result, silicon photodiode pyranometers manufactured by companies such as LI-COR Incorporated [1] and Kipp & Zonen [2] are now commonly used for solar resource measurements and photovoltaic system monitoring. One manufacturer alone (LI-COR) has sold over 31,000 of their low-cost silicon photodiode-based pyranometers. Commercial solar cells have also been packaged in a variety of ways to serve as solar irradiance sensors. Traditional photovoltaic reference cells [3] have been used for many years in test laboratories, occasionally for field applications. Irradiance sensors designed for easy temperature compensation have been produced using two solar cells and standard module lamination procedures by the European Solar Test Installation (ESTI) [4] , and by module manufacturers such as AstroPower Incorporated [5] . Small commercial photovoltaic modules have also frequently been used for measuring the solar irradiance.
These photovoltaic-based devices have typically provided a reasonable method for measuring the integrated daily solar irradiance (radiation). However, when used to measure the instantaneous broadband solar irradiance, their accuracy has been less than desired. Their inaccuracy has been due to errors introduced by systematic, time-of-day dependent, variations in the solar spectrum, solar angle-of-incidence, and operating temperature. A method was described in our previous work for obtaining empirical relationships that compensate for these systematic errors [6, 7] . The purpose of this paper is to demonstrate the improvement achieved by applying these corrections.
The corrections result in measurement accuracy comparable to more expensive instruments, for both global and direct normal solar irradiance. Fig. 1 illustrates a few of the low-cost sensors evaluated in our work. The low-cost devices illustrated include a LI-COR LI-200SA silicon-photodiode pyranometer, a LI-COR LI-200SA fitted with a baffled plastic (PVC) collimator, an ESTI Sensor using two crystalline silicon cells, a two-cell mini-module fabricated by AstroPower using their Silicon-Film™ cell technology, and a common silicon reference cell. For comparison, an Eppley PSP pyranometer [8] is also shown in Fig. 1 . For photovoltaic-based devices, empirical "corrections" were developed to compensate for the systematic influences mentioned. Controlled tests were then conducted to compare irradiance measurements, with and without the corrections, to the measurements obtained using carefully calibrated Eppley thermopile-based instruments.
LOW-COST IRRADIANCE SENSORS

SOLAR SPECTRAL INFLUENCE
Compensation for the influence of the time-of-day dependent solar spectrum was achieved by using an empirically determined function [7] . This empirical function, f1(AMa), related solar spectral variations to the absolute air mass (AMa). "Air mass" is the term used to describe the path length that sunlight traverses through the atmosphere before reaching the ground. When adjustment is made for the altitude of the site, it is called the "absolute" air mass. AMa is readily calculated knowing the zenith angle of the sun and the site altitude [7] . At sea level, AMa=1 with the sun directly overhead, AMa=1.5 when the sun's zenith angle is 48 degrees, and AMa of about 10 at sunrise and sunset. As AMa increases, the spectrum of the sun shifts to longer wavelengths, becoming more "red." The concept of the empirical f1(AMa) function can be understood by examining the standard ASTM method for calculating a "spectral mismatch correction" [9] . The test procedure used for determining f1(AMa) basically provides a method for measuring a continuously varying spectral correction, referenced to one of two standardized spectra. These two solar spectra have been standardized by ASTM as references for the AMa=1.5 condition, one for the direct normal spectrum and one for the global spectrum [10, 11] . The f1(AMa) function is normalized to a value of one at AMa=1.5, using one of these two standardized spectra. Fig. 2 shows the f1(AMa) functions measured for the low-cost irradiance sensors, for clear-sky test conditions in Albuquerque, NM.
For clear-sky conditions, experience has also shown that these empirically determined relationships have wide applicability to different sites. The solar spectral variation over the day resulted in an effect on the normalized response (shortcircuit current) that was characteristic for each device. The magnitude of the spectral effect was directly related to the spectral response characteristics of the device. For instance, the 10% change in response for the LI-COR pyranometer from AMa=1 to AMa=5 resulted from a negligible spectral response at "blue" wavelengths (< 400 nm) and good "red" response (> 900 nm). The LI-COR equipped with a collimating tube showed slightly less spectral influence over the day because the spectral distribution of the direct normal irradiance differs from the total (global) normal spectrum.
SOLAR ANGLE-OF-INCIDENCE
The irradiance sensor's response to the direct (beam) irradiance component is influenced by the cosine of the solar angle-of-incidence (AOI), and by the optical characteristics of its front surface. The response of the sensor to diffuse irradiance can be assumed to have no dependence on angle-of-incidence. The algorithms for calculating AOI are documented elsewhere [12] . The optical influence of the front surface, which could be a flat-or domed-glass cover or a translucent diffuser, can be described by another empirically determined function, f2(AOI). An outdoor test procedure for determining the f2(AOI) function is documented elsewhere [7] . Fig. 3 illustrates the relative response of the irradiance sensors versus the solar angle-of-incidence. For comparison, test results for a well-behaved Eppley PSP pyranometer are also shown. For clarity, measured data points for two of the devices are shown, and in other cases only the polynomial fit to measured values. The sensors with a planar glass front surface have a stronger sensitivity to AOI, for angles greater than 60 degrees. To some degree, the stronger sensitivity is offset by the observation that the planar devices have more repeatable behavior, device to device, than many commercial pyranometers.
Users should recognize that all pyranometers are subject to significant measurement errors at high AOI due to mechanical misalignment. For instance at AOI=70 degrees, mounting a pyranometer only 1 degree different from the plane of a photovoltaic array will result in a 5% error in measured irradiance. 
OPERATING TEMPERATURE
The influence of temperature on a silicon-based irradiance sensor's response is typically small, resulting in less than 0.1 (%/ºC) influence.
If desired, compensation for the influence of temperature can be accomplished by determining the device temperature and applying a temperature coefficient, α, which translates the measured response to a reference temperature, To. The temperature coefficient can be determined in the same manner routinely used for the calibration of photovoltaic reference cells [13] .
Several methods can be used for determining the device temperature during operation, most of which add complexity and cost. Thermocouples can be attached to the device to directly measure the temperature. If two separate photovoltaic cells are used in the device, as in the ESTI Sensor and the AstroPower mini-module, predetermined cell parameters can be used to calculate device temperature by measuring the short-circuit current from one cell and open-circuit voltage from the other [4] . For some sensor designs, the ambient air temperature plus a small offset can be used as a reasonable estimate of the device temperature. For instance, the photodiode inside a LI-COR LI-200 pyranometer typically operates at a temperature about 6 °C above ambient temperature.
SENSOR CALIBRATION METHODS
The low-cost irradiance sensors evaluated are fundamentally photovoltaic devices, and as such, standardized test procedures can be applied to calibrate them by using a solar simulator or specific outdoor test conditions [13, 14] . By doing so, a "calibration constant," Cn, is obtained, for one of the two standardized AMa=1.5 solar spectra, at a reference temperature, To. Our previous work indicated that it is also possible to separately address the spectral distribution of both the direct and diffuse components of solar irradiance [7] . However, for most practical applications of low-cost irradiance sensors, attempting to address diffuse spectral influence is probably not necessary. Standardized pyranometer calibration procedures [15, 16] can also be applied to photovoltaic irradiance sensors, as long as the f1(AMa) and f2(AOI) functions are used to compensate for spectral and angle-of-incidence influences.
APPLICATION OF CORRECTIONS
Eqn. 1 gives the expression used for correcting the measured response, R, from a photovoltaic irradiance sensor for the influences of solar spectrum, angle-ofincidence, and temperature.
Using the corrected response, an improved estimate for the total (broadband) irradiance, Et, can be obtained.
[ ] To illustrate the effectiveness of these corrections, broadband irradiance measurements using Eppley thermopile-based instruments were compared directly to the corrected measurements from the low-cost devices. Table I gives the correction parameters required for the sensors addressed in this paper. The Ai coefficients in Table I are simply the constant coefficients associated with a polynomial fit of 4 th or 5 th order to the f1(AMa) data previously shown in Fig. 2 . Similarly, the Bi coefficients provide polynomial fits for the f2(AOI) data in Fig. 3 . The temperature coefficient for each device is also in the table. For clear-sky conditions, Fig. 4 graphically illustrates the result of applying the spectral and temperature corrections to global irradiance measurements using the LI-COR LI-200 pyranometer, on several different dates. On these clear days, the agreement between the LI-COR and Eppley PSP was very good, with differences less than ±3%. Without corrections, the LI-COR measurements were 10% high at low irradiance (high AMa) and 3% low at high irradiance (low AMa). Similar success has been achieved with corrections to the ESTI Sensor, the AstroPower minimodule, and the silicon reference cell.
For direct normal irradiance measurements, a LI-COR pyranometer was fitted with a plastic collimator tube. The tube was painted black on the inside, was fitted with internal baffles, and sized to provide the same acceptance angle as a typical thermopile pyrheliometer. For clear-sky conditions, the LI-COR with collimator agreed remarkably well with a secondary standard Eppley NIP pyrheliometer, within less than 0.5% over a 3-day test period. Additional testing of this device is in progress.
Overcast sky conditions and intermittent clouds present a larger challenge for all irradiance measuring devices, including thermopile pyranometers. Fig. 5 shows a comparison between the LI-COR and Eppley PSP, for overcast-sky test conditions of four different dates. The majority of corrected data agreed within less than ±5%; but without corrections, differences ranged from 15% high to 15% low. These results indicated that even though the spectral and optical issues associated with overcast conditions are complex, reasonably accurate irradiance measurements can be achieved with low-cost devices. 
CONCLUSIONS
By applying empirically determined corrections for the influences of solar spectrum, angle-of-incidence, and operating temperature, low-cost photovoltaic-based irradiance sensors can be used to provide accurate (±3%) instantaneous measurements of both the global solar irradiance and the direct normal irradiance. The results of this work will enable solar system engineers to more accurately and cost-effectively evaluate the performance of their systems.
Low cost is certainly an advantage. In addition, photodiode pyranometers are small, light weight, provide the opportunity for low-cost redundancy, can be calibrated quickly with a solar simulator, provide rapid response time, and can easily be modified to measure direct normal irradiance. Two-cell sensors with planar glass covers are potentially even lower cost than photodiode pyranometers, but have more sensitivity to angle-of-incidence. If cells and mechanical design match that of a photovoltaic array, two-cell sensors can also provide an estimate of array short-circuit current and operating temperature, as well as solar irradiance.
